Northern peatlands are important global carbon stores, but there is concern that these boreal peat reserves are at risk due to increased fire frequency and severity as predicted by climate change models. In a subhumid climate, hydrogeological position is an important control on peatland hydrology and wildfire vulnerability. Consequently, we hypothesized that in a coarsetextured glaciofluvial outwash, isolated peatlands lacking the moderating effect of large-scale groundwater flow would have greater water table (WT) variability and would also be more vulnerable to deep WT drawdown and wildfire during dry climate cycles. A holistic approach was taken to evaluate 3 well-accepted factors that are associated with smouldering in boreal peatlands: hollow microform coverage, peatland margin morphometry, and gravimetric water content. Using a combination of field measurements (bulk density, humification, WT position, hummock-hollow distribution, and margin width) and modelling (1-D vertical unsaturated flow coupled with a simple peat-fuel energy balance equation), we assessed the vulnerability of peat to smouldering.
efficacy of wildfire management and mitigation strategies. Here, we present a landscape framework that combines moss ecohydrology, peatland hydrology, and regional hydrogeology to identify potential peat smouldering hot spots in the Utikuma region of Alberta's Boreal Plains (BP) where peat fires are common (e.g., Benscoter, Greenacre, & Turetsky, 2015; Lukenbach et al., 2015) .
Our hydrogeological landscape approach provides a framework for current and future research in this region, which has demonstrated that peat burn severity is higher in peat profiles with low gravimetric water content (GWC; Rein, Cleaver, Ashton, Pironi, & Torero, 2008) and/or high peat dry bulk density (ρ b ; Benscoter et al., 2011) and is a function of (a) Sphagnum fuscum (Schimp.) H. Klinggr. hummock cover (e.g., Benscoter et al., 2015) , (b) peatland margin cover (Lukenbach et al., 2015) , and (c) groundwater connectivity (Hokanson et al., 2016) . Briefly, S. fuscum hummocks, which have high water retention and low ρ b , often experience low burn severity and, in many cases, are resistant to ignition (Benscoter et al., 2011) . In the BP, margin peat is often denser and drier than peat in the central portion of the peatland due to more persistently low and/or fluctuating water tables (WTs; see Lukenbach et al., 2015 , for details). Hokanson et al. (2016) also identified that peatlands with high groundwater connectivity had low burn severity owing to persistently higher GWC. Furthermore, Devito, Mendoza, and Qualizza (2012) illustrated that the type of mineral sediment and relation to regional WTs considerably influence location and connectedness of peatlands. Without the moderating effect of regional groundwater flow, isolated peatlands have greater WT variability and are more vulnerable to deep WT drawdown during dry climate cycles. As such, the topographic position of a peatland in a coarse-textured hydrologic response area (HRA) plays a large role in determining the hydrophysical properties of margin peat and the distribution of S. fuscum hummocks and therefore its vulnerability to combustion (Hokanson et al., 2016) .
To assess our hydrogeological landscape framework, we examined a large topographic gradient, ranging from a low-lying flow-through peatland (i.e., high groundwater connectivity) to a completely perched peatland (i.e., no groundwater connectivity), and examined the primary hydrophysical controls on peatland burn severity and carbon loss:
S. fuscum hummock cover, peatland margin cover, ρ b , and GWC. We hypothesized that the potential for smouldering hot spots would increase with decreasing connection from groundwater due to a decrease in higher WT buffering, an increase in percentage margin cover, and a decrease in the percentage cover of S. fuscum hummocks.
That is, low-lying flow-through peatlands would be least vulnerable to deep smouldering due to higher WT buffering from a strong connection to the regional groundwater flow, with increasing vulnerability as the spatio-temporal connection to regional groundwater decreases.
| METHODS

| Study sites
This study was located at the Utikuma Region Study Area (URSA) located 370 km north of Edmonton, Alberta, in the BP region of Western Canada (Devito, Mendoza, Petrone, Kettridge, & Waddington, 2016). Annual potential evapotranspiration (ET) often exceeds annual precipitation (517 and 481 mm, respectively; Bothe & Abraham, 1993) . Three URSA peatlands ( Figure 1 ) were selected along a topographic gradient in the coarse-textured HRA (Figure 2d ). With historical (2003 With historical ( -2014 hydrological data Lukenbach et al., 2017; Smerdon, Devito, & Mendoza, 2005 ), each site is described below.
A low-lying flow-through kettle-hole peatland (site FT) is located on a regional topographic low in the URSA Lake 208 catchment 
| Study approach
We mapped the coverage of margins and hummocks at each of the peatlands and undertook detailed transects to determine the peat properties at the margin and middle of each peatland. Using peat water retention data from previous work , we parameterize the peat smouldering and ignition (PSI) model (see Lukenbach et al., 2015; Thompson, Wotton, & Waddington, 2015) to evaluate smouldering potential at each site. Details of the research design and methods are presented below.
| Peatland mapping
The margin zone at each site was classified using lack of peatland microtopography as an indicator of transitional plant community (see Lukenbach et al., 2015) and mapped to determine the percentage margin cover. The relative cover of hummocks and hollows at each site was determined by establishing two perpendicular 50-m transects in the middle of each peatland. At 1-m intervals, hummock-hollow microtopography was identified 1 m on either side of each transect (i.e., 200 measurements per site). Peatland perimeter length was measured using differential GPS points at roughly 2-m intervals. The peatland perimeter was defined by the location of a rapid transition in surface-ground cover from moss to bare soil and leaf litter and lack of peat moss in the upper soil profile. Table 2 for sample sizes). Each monolith was subsampled vertically in the field at 0.04-m intervals using a serrated blade and subsequently transported to a laboratory for analysis using standard methods. Peat humification was also determined on a random subset 
| Peat properties
| Simulated peat water content profiles
Water content profiles were simulated by solving Richard's equation (Celia, Bouloutas, & Zarba, 1990) for peat profiles with different specified pressure head (ψ) boundary conditions based on WT depth (WTD). Both wet and dry scenarios were simulated for each site (FT, EP, and P) and location (margin and middle). Zero water pressure was specified for the lower boundary condition based on the upper and lower quartiles (Table 1) of measured WTDs for each site-location combination. Initial ψ was set equal to the height above WT except for the surface boundary condition. The surface boundary ψ was calculated as a function of WTD as follows (adapted from Lukenbach et al., 2015) :
where ψ for WTD > 0.4 m reflects typical measured disequilibrium conditions in the near surface. Steady-state ψ profiles were iteratively solved Long-term WTD data collection part of long-term Utikuma Region Study Area study . Note. Number of measurements denoted by n.
using the finite-difference discretization of the mixed form of Richard's equation (Celia et al., 1990) . Simulations were evaluated using 0.04-mthick layers, where a steady-state condition was defined by a maximum change in ψ of 1 × 10 −5 m. Layer properties for the upper 0.52 m were based on measured ρ b profiles for each site-location combination, where 100 profiles per site-location were generated by randomly sampling from layer-specific distributions using the mean and standard deviation of measured ρ b (Table 2) . A similar approach was used to simulate peat layers below 0.52-m depth, but where ρ b was derived from the linear model relating VP to ρ b (see Section 3.2). Error estimates on the linear model coefficients were used to account for the variance in ρ b associated with a given value of VP.
To parameterize saturated hydraulic conductivity (K sat ), we opted to use the ρ b -dependent equation presented in Boelter (1969) .
Uncertainty associated with parameterization of K sat was not assessed in our analysis. Water retention and associated van Genuchten parameters were estimated from empirical relations between ψ, ρ b , and water content as presented in Moore et al. (2015) :
where θ ψ is the volumetric water content (VWC) at a specific ψ, ϕ is the porosity, and a and b are fitted parameters. Empirical parameters were derived from water retention of peat samples from the URSA (Lukenbach et al., 2015; Thompson & Waddington, 2013) . To reduce the degrees of freedom, simulated profiles reflect water retention properties of hollow peat only, with corresponding a and b values of 38.3 ± 0.9 and 28.6 ± 7.2, respectively.
| Peat smouldering and ignition model
We parameterized the PSI model to assess peat smouldering propagation potential by examining the ratio of the energy released by an overlying layer of peat (H comb ) to the energy required to combust the layer of peat below (H ign ). H comb /H ign ratios <1 have little potential to smoulder because there is not enough available energy from the combustion of the overlying layer to ignite the lower layer. The greater the H comb /H ign ratio, the greater the potential for downward smouldering to progress. The PSI model does not attempt to model precise depths of burn but has proven to be a useful approach to evaluating peatland vulnerability at the landscape scale (e.g., Lukenbach et al., 2015) . 
| Statistical methods
as an additional fixed factor and site was treated as fixed as well. An ordinal logistic regression (R package MASS:polr) was used to analyse the effects of site, location (i.e., distance from upland), and depth on VP. Due to the need to study peatlands with extensive historic hydrogeological data, only one peatland was studied in each topographic position. We therefore interpret our statistical analysis with caution due to the clear pseudoreplication. Specifically, we look for differences in site (i.e., FT, EP, and P) rather than topographic position.
| RESULTS
| Peatland microtopography and morphometry
Hummocks were the dominant microform at FT, whereas hollow microforms dominated both EP and P ( Table 1 ). The margin width ranged from 2 to 10 m (Table 1) , respectively. Due to both a higher perimeter-to-area ratio and wide margin, EP had the greatest area classified as margin at 34%, compared with 17% and 6% for P and FT, respectively (Table 1) . becomes highly likely over the depth of a given peat profile. All else being equal, there is a significant likelihood of VP being lower at FT and higher at EP compared with P, based on their respective odds ratios (FT = 0.33; EP = 1.86; i.e., FT < P < EP). Finally, although VP tends to increase with depth, the interaction term suggests that for a given depth, there is a small likelihood of decreasing VP (odds ratio = 0.98) as you move from the peatland edge to the interior. Again, it should be noted that the reported likelihood is based on a 1-m change in lateral position.
| Peat properties
| Simulated peat water content profiles
Simulated VWC shows that VWC increases rapidly with depth when the WT is near the surface (e.g., FT) and much slower when WT is deep (e.g., EP; Table 1 and Figure 4a-c) . A global analysis of the effect of depth, site, WT scenario, location (middle and margin; Table 3) shows that all main factors have significant effects on simulated VWC. Overall, site and depth have the largest effects on VWC, but several significant two-and three-way interactions exist (Table 3) .
GWC, which is VWC normalized by ρ b , shows less consistent depthdependent patterns compared with VWC. Because there is a relatively large increase in ρ b with depth (Table 2) , GWC tends to decrease with depth when WT is deep (e.g., EP). The margin locations under the dry scenario at EP (median GWC of 221%) and P (median GWC of 235%) exhibited the lowest simulated GWC profiles, ranging from 350 ± 91%
and 293 ± 82% (EP and P, respectively) at the surface to 166 ± 78% and 149 ± 62% at depth (Figure 4 ). EP showed significantly drier simulated GWC on a site basis (z ratio ≤ −7.11, p < .0001), except compared with the margin at P (z ratio ≥ −1.37, p ≥ .75). Site P was similar to the intermediate site, EP, at the margin location, but more similar to FT at the middle location.
| Peat smouldering and ignition model
Broadly, simulated H comb /H ign ratios tended to be low at FT, high at EP, and more location dependent (middle vs. margin) at P. With a median value of 2.2 ± 0.8, EP (dry, margin) showed the highest H comb /H ign (Table 3) shows that all main factors have significant effects on simulated H comb /H ign ratios. There are several significant two-and three-way interactions. Focusing on the categorical variables, Figure 6 shows that the only a strong two-way interaction is between site and location. This is due to P, where H comb /H ign is high in the margin and low in the middle, which contrasts with EP where H comb /H ign in the middle and margin is relatively high, whereas for FT, H comb /H ign is generally low in both locations. Although H comb /H ign is generally higher under the dry-WT scenario, the interaction with site and location is similar to the wet WT scenario (Figure 6 ) where the three-way interaction is not significant (Table 3) .
| DISCUSSION
Previous literature (e.g., Benscoter et al., 2011; Lukenbach et al., 2015) has approached peatland vulnerability from a peat properties perspective, focusing on profile-scale controls on peat smouldering dynamics, such as GWC. Although a prior study (Hokanson et al., 2016) observed differences in burn severity between landscape positions and peatland physiognomy (i.e., percentage hollow, percentage margin, and GWC), no prior studies have compared entire peatlands and evaluated them for overall vulnerability with intense peat smouldering. Our holistic approach, evaluating peatland vulnerability using microform coverage, margin morphometry, and GWC distribution, shows that in a coarsetextured hydrogeological landscape, peatlands at intermediate posi-
tions (EP) are most susceptible to deep smouldering during a wildfire.
Although it was hypothesized that the perched peatland (P) would be most vulnerable due to its complete isolation from larger groundwater Although the margin at P has comparable H comb /H ign ratios under the dry scenario at some depths, it generally exhibited lower H comb /H ign ratios than the intermediate site, EP.
| Peatland morphometry and physical properties
Site had a clear influence on microtopographic distributions and peatland margin cover, where a broader survey of peatlands across topographic position would be needed to determine whether spatiotemporal patterns of groundwater connection have a strong influence on peatland microtopography in coarse-textured HRAs. Nevertheless, we propose that FT had the highest hummock coverage (60%), likely due to the stable and high WT, whereas EP, the intermediate site,
and P, the most isolated site, showed lower hummock coverage (40% and 45%, respectively). Given that previous studies have shown that hummock microforms are resistant to burning during a wildfire, whereas hollow microforms are more prone to deep burning (Benscoter et al., 2015; Lukenbach et al., 2015) , FT exhibits lower vulnerability to burning.
Contrary to our initial hypothesis, increasing isolation or disconnection from larger scale groundwater flow systems did not necessarily result in wider margins and greater margin cover. Although the least isolated site, FT, had the lowest margin cover relative to P and EP, P had appreciably lower relative margin cover than EP. FT had, by far, the narrowest margin (2 m), resulting in a percentage margin coverage of the total peatland of only 5.5%. Due to the strong influence of the large-scale groundwater flow system on the WT at FT, similar
WT dynamics occurred at the middle and margin of the site, making the margin peat subject to similar moisture conditions as the middle.
Additionally, the overarching effect of large-scale groundwater flow on the hydrology of the site appears to have minimized the distance (i.e., margin width) to observe processes associated with margin development and formation, which may explain the rapid transition (i.e., narrow margin) from the peatland to the mineral upland at the site. At EP and P, the magnitude of WT fluctuations was much more dramatic, corresponding with wider peatland margins (10 and 6 m, respectively) and greater margin cover (34% and 17%, respectively). Although the absolute elevations of the WT do not vary significantly between the margin and the middle at EP, the WT does decline into the mineral soil below the margin (Figure 2b ), leaving the margin peat hydraulically disconnected and free to decompose and densify . In contrast, surface and near-surface peat in the middle of the peatlands still maintain capillary connections with deeper saturated peat during low-WT conditions, limiting decomposition (Figure 2a-c) .
The WT depths at the margin of P were appreciably deeper than those in the middle of the peatland due to the perched nature of the peatland on a fine-textured lens in a coarse-textured landscape. Therefore, the WT drops precipitously, corresponding to a narrow margin compared with that of EP.
| Simulated peat water content and PSI model
At all three sites, ρ b was shown to be systematically higher at the margins than in the middle of the peatlands. This supports the findings of previous work (Hokanson et al., 2016; Lukenbach et al., 2015) . Bulk density accounts for the majority of the differences in GWC found between and within the sites (Figure 4) , which compares well with previous studies (Benscoter et al., 2011) .
Whereas some studies report GWC limits on smouldering as being between 93% and 145% (e.g., Rein et al., 2008) , others report GWC limits ranging from 250% to 295%. Benscoter et al. (2011) into a fuel profile whose heat of combustion exactly equals the heat required to both drive off the water and ignite the fuel in the underlying layer, assuming no heat is lost by mechanisms such as radiative or convective heat loss. Downward heat efficiencies reported by previous studies range from 0.3 to 0.9 with a mean of 0.7 (e.g., Frandsen, 1998) .
A downward efficiency of 0.7 would require an H comb /H ign ratio of 1.4
for successful downward combustion between layers ( Figure 5 ). The margins and middle at EP in the dry scenario meet this requirement at a majority of depths (76%). Site P, under dry conditions, only met this condition at 45% of depths; FT exhibited H comb /H ign ratios over 1.4 only 4% of the time.
| von Post as a tool for rapid assessment of smouldering potential
Humification transects (Figure 3) show generally low levels of decomposition (i.e., density) at FT and P, compared with that of EP. Using variability in peatland margin and middle VP to broadly infer ρ b and water retention capacity, future studies could assess the landscape-scale importance of margin peat properties on vulnerability to smouldering across the BP. Information on spatial and depth dependence of VP in BP peatlands could also be used to develop a high-level assessment of peat smouldering risk for wildfire managers.
| Assessing peatland vulnerability to wildfire using a hydrogeological landscape approach
Although it was originally hypothesized that as hydrologic connectivity decreased, vulnerability to smouldering would increase, we show that the completely perched (i.e., disconnected from regional groundwater) peatland (P) had a more moderated WT, and therefore a smaller relative margin area and lower ρ b , than the intermediate site (EP).
These peatlands are hydraulically mounded, resulting in deep WTs at the margins, which causes densification and drying of the peat . Site P has no connection with the regional WT, and one would expect it to be the most vulnerable to wildfire, especially in times of drought. However, the site conditions at P under maximum and minimum WT orientations are such that only a very narrow portion of the peatland is exposed during dry conditions (Figure 2 ). The severe WT decline at the margin is due to the sharp lithological transition of the silt and clay underlying the peatland to the sandy silt and fractured clay surrounding the peatland. Although P is permanently perched well above the regional WT, intermediate sites (e.g., EP) do not require such unique hydrostratigraphy, because they are transiently connected with the regional WT during wet climate cycles. This ephemeral connection could result in peat accumulation and, during dry climate conditions, result in drying and densification of margin peat as it becomes disconnected from the larger groundwater system.
| CONCLUSION
We suggest that hydrogeological setting and topographic position are major controlling factors for deep smouldering hot spots in the BP.
Low-lying flow-through peatlands that intersect the regional WT (FT) are the least vulnerable to deep smouldering, whereas peatlands in intermediate landscape positions (EP) are most vulnerable. Having a priori knowledge of potential smouldering hot spot locations in the landscape is beneficial for fire managers, allowing them to efficiently allocate resources and reduce emergency response time to smouldering events. Although our goal was not to precisely model depths of burn, this approach is valuable for evaluating a peatland's relative vulnerability to deep smouldering and is a sound method of identifying wildfire vulnerability of peatland types within a particular HRA.
